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In order to construct a dielectric analog of spaser, we study theoretically and experimentally
several configurations of cluster-based unit cells for an all-dielectric metasurface characterized
by resonant conditions of the trapped mode excitation. Excitation of the trapped mode is
realized either by specific displacement of particles in the cluster, or by perturbation of the
equidistantly spaced particles by off-centered round holes or coaxial-sector notches. It turns
out that the latter approach is more advantageous for enhancement of electric near-field
with homogeneous distribution in-plane of the structure and its strong localization outside
the high-refractive-index dielectric particles. This feature opens prospects for realization of
highly desirable subwavelength flat lasing structures based on strong near-field interaction
with substances exhibiting pronounced nonlinear characteristics and properties of gain media.
Considerable interest in the study of metamateri-
als is due to the prospects of their use in practical
devices.1 Metamaterials can be a suitable platform for
many optical systems, such as sensors2 and perfect
absorbers.3 They allow one to enhance quantum dots
luminescence,4,5 realize optical switching6,7 and other re-
lated operations8 when combined with optically active
and nonlinear substances.9,10 In the latter case, thin pla-
nar metamaterials (metasurfaces) are of special interest,
due to their higher workability.11,12
In particular, it is proposed to combine metasurfaces
with optically active materials to obtain parametric gain
systems and develop amplifying or lasing devices13 (e.g.
spaser – Surface Plasmon Amplification by Stimulated
Emission of Radiation14,15). In a metasurface-based
spaser a regular array of subwavelength metallic res-
onators is supported by a slab of gain medium containing
quantum dots. A special type of symmetry-broken res-
onators is chosen to ensure excitation of a high-quality-
factor (high-Q) trapped mode with reduced radiative
losses.16,17 The collective plasmonic oscillations in such
resonators lead to the emission of spatially and temporar-
ily coherent light in the direction normal to the metasur-
face array. The spaser system is very thin and compact
and benefits from the strong electric field localization
near the surface associated with plasmons. Nevertheless,
although the concept of the metasurface-based spaser is
well developed, its practical implementation is difficult
due to requirement of high pumping power, which ad-
versely affects the system. It arises from excessive heat
a)Electronic mail: tvr@rian.kharkov.ua and tvr@jlu.edu.cn
losses inherent in plasmonic nanostructures in infrared
and visible parts of spectrum. Moreover, asymmetric
plasmonic particles composing the metasurface typically
have a quite complicated form, so it is difficult to fabri-
cate them on the nanoscale.
All-dielectric metasurfaces can overcome above-
mentioned drawbacks of plasmonic structures while be-
ing simple in manufacturing.18–20 The resonant behav-
ior of light in high-refractive-index (high-n) dielectric
nanoparticles21,22 makes it possible to reproduce many
subwavelength effects demonstrated in plasmonic sys-
tems due to the electric field localization, but without
much losses and energy dissipation into heat. In ad-
dition, the coexistence of strong electric and magnetic
multipolar resonances, as well as their interference and
corresponding enhancement of near-fields in dielectric
nanoparticles23 bring much novel functionality to simple
geometries, especially for the nonlinear regimes24–26 and
metadevices widespread applications.27 However, since
the electric near-field is mainly localized inside the high-
n particles, it interacts only with a small portion of the
surrounding gain medium, which limits the optical out-
put of the overall lasing system. This fact impairs ad-
vantageous use of such metasurfaces in construction of a
dielectric analog of spaser.
Combining dielectric particles into clusters makes it
possible to overcome this obstacle. For instance, in an
all-dielectric metasurface composed of bars of different
length a trapped mode can be excited.28,29 When reso-
nant conditions are satisfied for the trapped mode, large
electric near-field enhancement and localization in the
surrounding medium appears inside the nano gaps intro-
duced at the centre of bars.30 Moreover, it was recently
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reported31–35 that a proper choice of asymmetric dielec-
tric particles and their ordering into clusters provides
advanced flexibility in obtaining the desired near-field
configuration, together with significant field localization
caused by the trapped mode excitation.
In development of the concept of cluster-based meta-
surfaces, in the present Letter we propose and character-
ize several configurations of an all-dielectric metasurface
whose array sustains resonant conditions of the trapped
mode. We demonstrate that under these conditions the
resonant electric near-field appears to be homogeneously
distributed in-plane of the structure and is strongly local-
ized outside the high-n dielectric particles. Our finding
is confirmed by both numerical simulations and proof-of-
principle microwave measurements of the near-fields in
the actual metasurface prototypes.
In what follows, we perform a numerical and ex-
perimental study of resonant characteristics of an all-
dielectric metasurface whose unit cell is composed of four
cylindrical resonators (disks) [see Fig. 1(a)]. The size of
a square unit cell is p. Disks are made of a nonmagnetic
dielectric material with permittivity εd. The radius and
thickness of the disks are rd and hd, respectively. The
disks are immersed into a dielectric substrate (host) with
permittivity εs and thickness hs.
It was theoretically shown21,36,37 and experimentally
confirmed38 that a metasurface consisting of an array
of equidistantly spaced dielectric particles demonstrate a
resonant response arising from excitation of electric and
magnetic multipole moments of individual particles. If
such particles (e.g. dielectric disks) are arranged into
clusters, the inter-particle coupling leads to a complex
collective behavior of modes which is different from that
of individual particles.31,39 Moreover, specific perturba-
tions of the particles can result in the appearance of addi-
tional ultra high-Q resonances in the overall metasurface
response. These resonances are related to the collective
trapped mode excitation.32–34
Therefore, in order to differentiate the features of the
cluster-based configuration from those influenced by the
particles perturbations, further we consider three partic-
ular designs of the metasurface. The first design is re-
alized by displacing the non-perturbed disks toward the
unit cell center by a distance s along the cell’s diagonals
[Fig. 1(b)]. In the second design, the disks of the array
are equally spaced, whereas they are perturbed by an ec-
centric through hole. The hole radius is indicated as rh,
the distance from the center of the disk to the center of
the hole is s. Within the unit cell all holes are oriented
inward the center of the cluster, as shown in Fig. 1(c).
In the third design, equally spaced disks are perturbed
by a coaxial-sector notch [Fig. 1(d), see also discussion
of benefits of such perturbation approach in Refs. 32 and
34]. The coaxial-sector notch is characterized by the ra-
dius of the middle line s, width rh, and opening angle α.
The notches of the disks are oriented inward the center of
the unit cell. For all designs we define the dimensionless
asymmetry parameter θ of the metasurface. The param-
eter θ varies in the range [0 − 1] and is associated with
the displacement of the disks toward the cluster center
[θ = 2s/(p − 2rd)], increase in the radius of the circular
hole (θ = 2rh/rd), and the opening angle of the notch
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FIG. 1. (a) Schematic view of an all-dielectric metasurface
whose cluster-based unit cell is composed of (b) solid disks
shifted to the center of unit cell along its diagonals, (c) disks
with off-centered round holes, and (d) disks with coaxial-
sector notches.
[θ = sin(α/2)] for the first, second, and third design, re-
spectively.
The cluster forming metasurface corresponds to the
group C4v for all chosen designs.
33 This group has the
four-fold symmetry axis with respect to rotation around
the z axis. For the metasurfaces whose unit cell symme-
try belongs to the rotational groups C4v, there is polar-
ization independence of the structure under normal in-
cidence conditions.34 Therefore, in what follows we con-
sider irradiation of the metasurface by a normally inci-
dent plane wave (~k = {0, 0,−kz}), where the electric field
vector is directed along the x axis ( ~E = {Ex, 0, 0}).
In accordance with our available experimental equip-
ment, we have chosen the microwave part of the spectrum
to characterize the metasurface and confirm its features.
Thus, all the geometrical and material parameters of the
dielectric particles as well as the structure period are cho-
sen so that the metasurface operates in the specified fre-
quency band (1 − 15 GHz). All numerical simulations
of the electromagnetic response of the metasurface are
performed with the use of the rf module of the com-
mercial COMSOL Multiphysics R© electromagnetic solver.
The results of simulation of the transmission character-
istic of the metasurface versus frequency and asymmetry
parameter are collected in Fig. 2 for the three proposed
metasurface designs. In these calculations, possible losses
in constitutive materials of the metasurface are ignored.
In the spectra of the metasurface composed of non-
perturbed disks an additional resonance of reduced trans-
mission appears in the frequency band of interest, pro-
vided that the equidistant arrangement of disks in the
array is violated [Fig. 2(a)]. Since this resonance is as-
sociated with some violation in the regular array, it can
be related to the excitation of the trapped mode. As
the asymmetry parameter increases, the quality factor of
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FIG. 2. Transmission versus frequency and asymmetry pa-
rameter for the idealized (loss-less) all-dielectric metasurface
whose cluster-based unit cell is composed of (a) non-perturbed
disks (rd = 4.0 mm), (b) disks perturbed by a round off-
centered hole (rd = 4.0 mm, s = 2.0 mm), and (c) disks per-
turbed by a coaxial-sector notch (rd = 4.5 mm, rh = 2.0 mm,
s = 2.0 mm). Insets present magnitude and vectorial pat-
terns of the electric near-field calculated in the cross section
along the midline of the resonators (z = 0) at corresponding
values of the resonant frequency and asymmetry parameter.
The geometrical and material parameters of the metasurface
are: p = 32 mm, hd = 2.5 mm, hs = 25.0 mm, εd = 23.0, and
εs = 1.1.
the resonance decreases and the resonant frequency shifts
toward the lower frequencies.
From the cross-section patterns of the electric near-
field calculated at the corresponding resonant frequency
[see inset of Fig. 2(a)] one can conclude that the reso-
nant field induced inside each particle resembles the char-
acteristics of the TE01 mode of the individual cylindri-
cal dielectric resonator.40 It arises from the electromag-
netic coupling between closely spaced disks in the array
with violated periodicity. The electric near-field distribu-
tion inside the unit cell exhibits the longitudinal electric
dipole moment oriented along the x axis parallel to the
direction of the vector ~E of the incident wave. The mag-
netic moment induced in each particle is oriented parallel
to the z axis and changes sign along the y axis from one
particle to another. The resulting magnetic field is con-
centrated inside the particles, while the electric near-field
is distributed in-plane of the metasurface. Electric field is
partially concentrated outside the disks, and is localized
mainly in the center of cluster.
Intuition suggests that, the disks should be spaced
equidistantly in the array in order to achieve a more
homogeneous electric near-field distribution within the
cluster. In this case, the trapped mode can be ex-
cited by perturbing directly the disks. Indeed, the
cluster-based metasurfaces composed of asymmetrically
perturbed disks also support the excitation of the TE01
mode of the cylindrical dielectric resonator which behaves
as a trapped mode of the array.33,34 The transmission
characteristic for corresponding designs is presented in
Figs. 2(b) and 2(c) for the metasurfaces whose disks are
perturbed by the off-centered round hole and coaxial-
sector notch, respectively.
For these two designs, the resonance in transmission
arises as soon as the perturbation in the disks is intro-
duced and is typical for the trapped mode excitation.
The quality factor of the resonance decreases and the
resonant frequency shifts toward higher frequencies as
the asymmetry parameter increases. The quality factor
of the resonance degrades faster for the structure com-
posed of disks with notch. This effect can be explained
by vastly reduced extent of dielectric in the cluster, when
the notch size increases.
From the electric near-field patterns plotted in-plane
of the metasurface [see insets in Figs. 2(b) and 2(c)]
one can conclude that at the resonant frequency of the
trapped mode excitation there is a longitudinal electric
dipole moment and magnetic moments, which are in-
duced in a similar way as those of above-discussed ar-
ray of non-perturbed disks. However, for these two de-
signs, the resulting electric near-field appears to be more
homogeneously distributed in-plane of the metasurface
and is mainly concentrated outside the disks. The local
magnetic field is sufficiently enhanced inside the parti-
cles holes and notches. It is important to note, that such
near-fields configuration persists even when the asymme-
try parameter becomes sufficiently large.
We check experimentally all the distinctive features of
the near-field distribution and the degree of field con-
centration by direct measurements for the metasurface
prototypes based on three chosen designs. The Taizhou
Wangling TP-series microwave ceramic is used as a ma-
terial for particles fabrication (the losses in this material
are estimated as tan δ = 1 × 10−3 at 10 GHz). The sets
of particles are prepared with the use of a precise milling
machine. Particles are arranged in a custom holder made
of a rigid foam material. All geometrical and material
parameters of particles and holder correspond to those
listed in the caption of Fig. 2. All details on the exper-
imental method as well as the sketch and photo of our
measurement setup can be found in Refs. 34 and 41.
The measured transmission for all proposed designs is
depicted in Fig. 3 and compared with the results of our
numerical simulation, which takes into account estimated
material losses in the actual metasurface. The corre-
sponding resonances related to the trapped mode exci-
tation are well identified in the spectra, and they have
different quality factors depending on the metasurface
design, as predicted above.
We use a near-field scanning system for mapping both
electric and magnetic near-fields at the corresponding
resonant frequencies. These fields are measured above
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FIG. 3. Comparison of simulated and measured characteristics of the actual (lossy) cluster-based all-dielectric metasurface.
Insets present fragments of the metasurface prototypes. The geometrical and material parameters of the metasurface as well
as corresponding values of the resonant frequency and asymmetry parameter coincide with those listed in the caption of Fig. 2.
In the color maps the electric and magnetic near-field magnitudes are normalized on their corresponding maximal values.
the metasurface prototypes starting from 1 mm distance
from their surface performing subsequent probe moving
with the increment of 1 mm in vertical and horizontal di-
rections. The resulting color maps of the measured near-
field distribution confirm discussed above trapped mode
resonant conditions, distribution of the electric near-field,
orientations of the out-of-plane magnetic moments, and
concentration of the magnetic near-field inside the par-
ticles holes and notches (Fig. 3). In these color maps
one can see electric near-field enhancement as a func-
tion of the distance to the metasurface array plane. At
the resonant frequency, the maximal magnitude of the
electric near-field is 1.3 × 104 and 2.0 × 104 times that
of the incident field for the metasurfaces composed of
non-perturbed and perturbed disks, respectively. Thus,
the use of perturbed disks is more advantageous for a
stronger electric near-field confinement and furthermore
provides more homogeneous field distribution.
In conclusion, we demonstrate that in the cluster-based
metasurface made of an array of equidistantly spaced per-
turbed high-n dielectric disks, the trapped mode can be
excited. For this mode the electric near-field appears to
be sufficiently homogeneous and strongly concentrated
outside the disks. This effect is extremely promising
for applied optics especially for advantageous use of pro-
posed metasurfaces in conjunction with gain media.
V.R.T. acknowledges the hospitality and support of
the Jilin University. A.B.E. acknowledges the support
of Deutsche Forschungsgemeinschaft (DFG, German Re-
search Foundation) under Germany’s Excellence Strategy
within the Cluster of Excellence PhoenixD (EXC 2122,
Project ID 390833453).
A.S.K. and K.L.D. contributed equally to this work.
1N. I. Zheludev and Y. S. Kivshar, “From metamaterials to
metadevices,” Nat. Mater. 11, 917–924 (2012).
2T. Chen, S. Li, and H. Sun, “Metamaterials application in sens-
ing,” Sensors 12, 2742–2765 (2012).
3Y. Ra’di, C. R. Simovski, and S. A. Tretyakov, “Thin perfect
absorbers for electromagnetic waves: Theory, design, and real-
izations,” Phys. Rev. Applied 3, 037001 (2015).
4K. Tanaka, E. Plum, J. Y. Ou, T. Uchino, and N. I. Zheludev,
“Multifold enhancement of quantum dot luminescence in plas-
monic metamaterials,” Phys. Rev. Lett. 105, 227403 (2010).
5I. Staude, V. V. Khardikov, N. T. Fofang, S. Liu, M. Decker,
D. N. Neshev, T. S. Luk, I. Brener, and Y. S. Kivshar, “Shaping
photoluminescence spectra with magnetoelectric resonances in
all-dielectric nanoparticles,” ACS Photonics 2, 172–177 (2015).
6V. R. Tuz, S. L. Prosvirnin, and L. A. Kochetova, “Optical
bistability involving planar metamaterials with broken structural
symmetry,” Phys. Rev. B 82, 233402 (2010).
7V. R. Tuz, V. S. Butylkin, and S. L. Prosvirnin, “Enhancement
of absorption bistability by trapping-light planar metamaterial,”
J. Opt. 14, 045102 (2012).
8X. Fang, K. F. MacDonald, and N. I. Zheludev, “Controlling
light with light using coherent metadevices: All-optical transis-
tor, summator and invertor,” Light Sci. Appl. 4, e292 (2015).
9M. Lapine, I. V. Shadrivov, and Y. S. Kivshar, “Collo-
quium: Nonlinear metamaterials,” Rev. Mod. Phys. 86, 1093–
1123 (2014).
10V. Khardikov, P. Mladyonov, S. Prosvirnin, and V. Tuz, “Elec-
tromagnetic wave diffraction by periodic planar metamaterials
with nonlinear constituents,” in Contemporary Optoelectronics:
Materials, Metamaterials and Device Applications, edited by
O. Shulika and I. Sukhoivanov (Springer, the Netherlands, Dor-
drecht, 2016) Chap. 5, pp. 81–98.
11C. L. Holloway, E. F. Kuester, J. A. Gordon, J. O’Hara, J. Booth,
and D. R. Smith, “An overview of the theory and applications
Homogeneous enhancement of electric near-field 5
of metasurfaces: The two-dimensional equivalents of metamate-
rials,” IEEE Antenn. Propag. M. 54, 10–35 (2012).
12S. B. Glybovski, S. A. Tretyakov, P. A. Belov, Y. S. Kivshar,
and C. R. Simovski, “Metasurfaces: From microwaves to visible,”
Phys. Rep. 634, 1–72 (2016).
13N. I. Zheludev, S. L. Prosvirnin, N. Papasimakis, and V. A.
Fedotov, “Lasing spaser,” Nat. Photonics 2, 351 (2008).
14D. J. Bergman and M. I. Stockman, “Surface plasmon amplifi-
cation by stimulated emission of radiation: Quantum generation
of coherent surface plasmons in nanosystems,” Phys. Rev. Lett.
90, 027402 (2003).
15M. Premaratne and M. I. Stockman, “Theory and technology of
SPASERs,” Adv. Opt. Photon. 9, 79–128 (2017).
16V. A. Fedotov, M. Rose, S. L. Prosvirnin, N. Papasimakis, and
N. I. Zheludev, “Sharp trapped-mode resonances in planar meta-
materials with a broken structural symmetry,” Phys. Rev. Lett.
99, 147401 (2007).
17V. V. Khardikov, E. O. Iarko, and S. L. Prosvirnin, “Trapping
of light by metal arrays,” J. Opt. 12, 045102 (2010).
18U. Zywietz, A. B. Evlyukhin, C. Reinhardt, and B. N. Chichkov,
“Laser printing of silicon nanoparticles with resonant optical elec-
tric and magnetic responses,” Nat. Commun. 5, 3402 (2014).
19A. I. Kuznetsov, A. E. Miroshnichenko, M. L. Brongersma, Y. S.
Kivshar, and B. Luk’yanchuk, “Optically resonant dielectric
nanostructures,” Science 354, aag2472 (2016).
20S. Kruk and Y. Kivshar, “Functional meta-optics and nanopho-
tonics governed by Mie resonances,” ACS Photonics 4, 2638–2649
(2017).
21A. B. Evlyukhin, C. Reinhardt, A. Seidel, B. S. Luk’yanchuk,
and B. N. Chichkov, “Optical response features of Si-nanoparticle
arrays,” Phys. Rev. B 82, 045404 (2010).
22A. B. Evlyukhin, C. Reinhardt, and B. N. Chichkov, “Multi-
pole light scattering by nonspherical nanoparticles in the discrete
dipole approximation,” Phys. Rev. B 84, 235429 (2011).
23A. B. Evlyukhin, S. M. Novikov, U. Zywietz, R. L. Eriksen,
C. Reinhardt, S. I. Bozhevolnyi, and B. N. Chichkov, “Demon-
stration of magnetic dipole resonances of dielectric nanospheres
in the visible region,” Nano Lett. 12, 3749–3755 (2012).
24D. Smirnova and Y. S. Kivshar, “Multipolar nonlinear nanopho-
tonics,” Optica 3, 1241–1255 (2016).
25W. Tong, C. Gong, X. Liu, S. Yuan, Q. Huang, J. Xia, and
Y. Wang, “Enhanced third harmonic generation in a silicon meta-
surface using trapped mode,” Opt. Express 24, 19661–19670
(2016).
26H. Liu, C. Guo, G. Vampa, J. L. Zhang, T. Sarmiento, M. Xiao,
P. H. Bucksbaum, J. Vucˇkovic´, S. Fan, and D. A. Reis, “En-
hanced high-harmonic generation from an all-dielectric metasur-
face,” Nat. Phys. 14, 1006–1010 (2018).
27K. E. Chong, I. Staude, A. James, J. Dominguez, S. Liu, S. Cam-
pione, G. S. Subramania, T. S. Luk, M. Decker, D. N. Neshev,
I. Brener, and Y. S. Kivshar, “Polarization-independent silicon
metadevices for efficient optical wavefront control,” Nano Lett.
15, 5369–5374 (2015).
28V. V. Khardikov, E. O. Iarko, and S. L. Prosvirnin, “A giant
red shift and enhancement of the light confinement in a planar
array of dielectric bars,” J. Opt. 14, 035103 (2012).
29J. Zhang, K. F. MacDonald, and N. I. Zheludev, “Near-infrared
trapped mode magnetic resonance in an all-dielectric metamate-
rial,” Opt. Express 21, 26721–26728 (2013).
30J. Zhang, W. Liu, Z. Zhu, X. Yuan, and S. Qin, “Strong field en-
hancement and light-matter interactions with all-dielectric meta-
materials based on split bar resonators,” Opt. Express 22, 30889–
30898 (2014).
31V. R. Tuz, V. V. Khardikov, and Y. S. Kivshar, “All-dielectric
resonant metasurfaces with a strong toroidal response,” ACS
Photonics 5, 1871–1876 (2018).
32V. R. Tuz, V. V. Khardikov, A. S. Kupriianov, K. L. Domina,
S. Xu, H. Wang, and H.-B. Sun, “High-quality trapped modes in
all-dielectric metamaterials,” Opt. Express 26, 2905–2916 (2018).
33P. Yu, A. Kupriianov, V. Dmitriev, and V. Tuz, “All-dielectric
metasurfaces with trapped modes: Group-theoretical descrip-
tion,” J. Appl. Phys. 125, 143101 (2019).
34A. Sayanskiy, A. S. Kupriianov, S. Xu, P. Kapitanova,
V. Dmitriev, V. V. Khardikov, and V. R. Tuz, “Controlling high-
Q trapped modes in polarization-insensitive all-dielectric meta-
surfaces,” Phys. Rev. B 99, 085306 (2019).
35A. S. Kupriianov, Y. Xu, A. Sayanskiy, V. Dmitriev, Y. S.
Kivshar, and V. R. Tuz, “Metasurface engineering through
bound states in the continuum,” Phys. Rev. Applied 12, 014024
(2019).
36J. van de Groep and A. Polman, “Designing dielectric resonators
on substrates: Combining magnetic and electric resonances,”
Opt. Express 21, 26285–26302 (2013).
37V. E. Babicheva and A. B. Evlyukhin, “Analytical model of reso-
nant electromagnetic dipole-quadrupole coupling in nanoparticle
arrays,” Phys. Rev. B 99, 195444 (2019).
38X. Liu, K. Fa, I. V. Shadrivov, and W. J. Padilla, “Experimen-
tal realization of a terahertz all-dielectric metasurface absorber,”
Opt. Express 25, 191–201 (2017).
39P. D. Terekhov, V. E. Babicheva, K. V. Baryshnikova, A. S.
Shalin, A. Karabchevsky, and A. B. Evlyukhin, “Multipole anal-
ysis of dielectric metasurfaces composed of nonspherical nanopar-
ticles and lattice invisibility effect,” Phys. Rev. B 99, 045424
(2019).
40R. K. Mongia and P. Bhartia, “Dielectric resonator antennas –
A review and general design relations for resonant frequency and
bandwidth,” Int. J. RF Microw. Comput. Aided Eng. 4, 230–247
(1994).
41S. Xu, A. Sayanskiy, A. S. Kupriianov, V. R. Tuz, P. Kapitanova,
H.-B. Sun, W. Han, and Y. S. Kivshar, “Experimental observa-
tion of toroidal dipole modes in all-dielectric metasurfaces,” Adv.
Opt. Mater. 7, 1801166 (2019).
